The homeostasis of intracellular diadenosine 5′,5″′-P 1 ,P 4 -tetraphosphate (Ap 4 A) in the yeast Saccharomyces cerevisiae is maintained by two 60% sequence-identical paralogs of Ap 4 A phosphorylases (Apa1 and Apa2). Enzymatic assays show that, compared to Apa1, Apa2 has a relatively higher phosphorylase activity towards Ap 3 A (5′,5″′-P 1 ,P 3 -tetraphosphate), Ap 4 A, and Ap 5 A (5′,5″′-P 1 ,P 5 -tetraphosphate), and Ap 4 A is the favorable substrate for both enzymes. To decipher the catalytic insights, we determined the crystal structures of Apa2 in the apo-, AMP-, and Ap 4 A-complexed forms at 2.30, 2.80, and 2.70 Å resolution, respectively. Apa2 is an α/β protein with a core domain of a twisted eight-stranded antiparallel β-sheet flanked by several α-helices, similar to the galactose-1-phosphate uridylyltransferase (GalT) members of the histidine triad (HIT) superfamily. However, a unique auxiliary domain enables an individual Apa2 monomer to possess an intact substratebinding cleft, which is distinct from previously reported dimeric GalT proteins. This cleft is perfectly complementary to the favorable substrate Ap 4 A, the AMP and ATP moieties of which are perpendicular to each other, leaving the α-phosphate group exposed at the sharp turn against the catalytic residue His161. Structural comparisons combined with site-directed mutagenesis and activity assays enable us to define the key residues for catalysis. Furthermore, multiple-sequence alignment reveals that Apa2 and homologs represent canonical Ap 4 A phosphorylases, which could be grouped as a unique branch in the GalT family.
Introduction
Dinucleoside 5′,5″′-polyphosphate molecules (Np n N, where N stands for A, G, C or U) are a diverse group of nucleotide derivatives in all living organisms. 1 They are predominantly by-products of protein synthesis, specifically produced by aminoacyl-tRNA synthetases. 2 Their intracellular concentration is usually maintained at a level of 0.1-3 μM, which may be sharply elevated in response to stimuli such as heat shock, oxidative stress, nutrition shortage, and DNA damage.
3 5′,5″′-P 1 ,P 4 -tetraphosphate (Ap 4 A) is one of these derivatives that have been well investigated. It has been suggested that Ap 4 A acts as an intracellular "alarmone" in both prokaryotes 4 and eukaryotes. 5 The intracellular functions of Ap 4 A are involved in apoptosis 6 and DNA repair, 7 whereas its extracellular roles are related to neurotransmitter and cardiac effects mediator. 8, 9 In bacteria, Ap 4 A metabolism has also been implied in regulation of the stress response, 10 pathogenesis, [11] [12] [13] [14] and antibiotic tolerance. 15 Ap 4 A metabolism also affects biofilm formation of Pseudomonas fluorescens via modulation of c-di-GMPdependent pathways. 16 In addition, a previous study has provided concrete evidence establishing Ap 4 A as a second messenger in the regulation of gene expression.
Specific degradation enzymes have been evolved to maintain the cellular homeostasis of these nucleotide derivatives. These enzymes are mainly grouped into three structurally distinct superfamilies: 18 Nudix (nucleoside diphosphate linked to x), MPP (metallophosphoesterase), and HIT (histidine triad) superfamily. HIT proteins share a motif of HφHφHφφ (where φ represents a hydrophobic amino acid) and act as nucleotide hydrolases and transferases. The middle histidine functions as the nucleophilic residue that attacks the α-phosphate group of nucleotides to generate a covalently linked enzyme-nucleotide intermediate. 19 Based on the sequence, substrate specificity, structure, evolution, and catalytic mechanism, HIT proteins have been classified into four families: the Hint, Fhit, galactose-1-phosphate uridylyltransferase (GalT), and aprataxin family. 19 The Hint family consists of adenosine 5′-monophosphoramide hydrolases, whereas the Fhit family is composed of diadenosine polyphosphate hydrolases. Aprataxin leads a discrete family of proteins possessing both DNA/RNA binding and nucleotide hydrolase activities. 20 In contrast, the GalT family has a modified motif of HXHXQφφ. Members in the GalT family are further grouped into three branches: GalT, Ap 4 A phosphorylase, and adenylylsulfate:phosphate adenylytransferase. The key difference between Hint/Fhit of HIT hydrolase and GalT of HIT transferase is that the hydrolases can transfer the nucleotide directly to a water molecule, instead of requiring a second substrate to accept the histidine-bound nucleotide. 19 In addition, Hint and Fhit proteins have two active sites and are typically homodimers of ∼ 15 kDa/ subunit, whereas GalT members share an imperfectly tandem-repeated polypeptide of ∼ 30 kDa that retains a single active site. The HIT proteins have been maintained highly conserved throughout evolution, which implies that they fulfill basic, perhaps vital functions. 21 To date, several crystal structures of HIT proteins have been solved, [22] [23] [24] [25] [26] [27] [28] [29] and two of which are from the GalT family. 23, 26 The crystal structure of Mycobacterium tuberculosis Rv2613c demonstrated a novel Ap 4 A phosphorylase that shares a structure similar to Fhit Ap n A hydrolases. 22 The yeast Saccharomyces cerevisiae genome encodes two Ap 4 A phosphorylases, Apa1 and Apa2, which are 60% sequence identical and grouped into the GalT family based on their primary sequences. They both catalyze the degradation of Ap 4 A into ADP and ATP in the presence of inorganic phosphate, but at different catalytic activities. 30 With the disruption of either apa1 or apa2 alone, even both genes did not affect the cell viability; however, the absence of both genes leads to the dramatic increase of the intracellular Ap 4 A concentration. 30 To date, no structural information of the Ap 4 A phosphorylase in the GalT family is available. The crystal structures and biochemical analyses of yeast Apa2 provided us insights into the substrate specificity and the catalytic mechanism of a canonical Ap 4 A phosphorylase.
Results and Discussion
Apa2 represents a canonical Ap 4 A phosphorylase A previous study suggested that Apa1 and Apa2 are Ap 4 A phosphorylases, which catalyze the phosphorolytic degradation of Ap 4 A into ADP and ATP. 30 We thus checked the activity of our recombinant Apa1 and Apa2 towards Ap 4 A using high-performance liquid chromatography (HPLC). We first screened the activity at the pH range from 4.5 to 9.0 and determined that both Apa1 and Apa2 had an optimal pH at 7.5. As a previous study suggested that HIT proteins require metal ions for the catalysis, 23 we Table 2 ). The Ap 4 A phosphorylase activity of Apa2 is about 200-fold to that of M. tuberculosis Rv2613c, the structure of which is similar to that of Hint and Fhit members. 22 It is worthy to notice that the K m value of Apa2 is comparable to the physiological concentration of Ap 4 A (0.1-3 μM). The cellular concentrations for Apa1 and Apa2 are approximately 1.12 and 0.10 μM, respectively, as calculated by 19,600 and 1770 molecules/cell divided by the cell volume of 29 × 10 − 15 L. 31 The lower intracellular concentration combined with a higher activity of Apa2 compared to that of Apa1 suggested that Apa2 and Apa1 might function in vivo as a fine tuner and a robust cutter, respectively. When Ap 4 A is accumulated to a high concentration upon certain stimuli, the high-abundance Apa1 could function rapidly as a robust cutter to reduce the concentration. In contrast, the low-abundance Apa2 works as a fine tuner to control the subtle change of Ap 4 A. In addition, neither Apa1 nor Apa2 can catalyze the reverse reaction of Ap 4 A synthesis using ADP and ATP as the substrates. These results clearly demonstrated that Apa1 and Apa2 are canonical Ap 4 A phosphorylases.
The overall structure of Apa2 reveals the first monomeric GalT protein
The structure of apo-form Apa2 was determined at 2.30 Å resolution by single-wavelength anomalous diffraction phasing method using selenomethionine (SeMet)-substituted crystals. Each asymmetric unit contains two Apa2 molecules with a buried interface area of about 500 Å 2 , which is not large enough to stabilize a homodimer. Size-exclusion chromatography with a Superdex 75 column gave an elution volume of 71.6 mL, corresponding to a calculated mass of approximately 37 kDa, which is comparable to that of the monomeric Apa2 (Fig. S2) . The structures of Ap 4 A-and AMP-complexed forms were determined at 2.70 and 2.80 Å resolution, respectively, by molecular replacement using the apo-form structure as a search model. A molecule of Ap 4 A or two molecules of AMP could be well defined at the active sites of each subunit in the corresponding complex structures. In the Apa2-AMP structure, a molecule of phosphate ion is bound to the loop β6-β7 and loop β10-η4 in molecule A, but not in molecule B, via two hydrogen bonds with H265 and H152. The final models exhibited good crystallographic and geometric statistics (Table 1) , as evaluated with the programs MolProbity 32 and PROCHECK. 33 In the apo-Apa2 model, residues Lys53-Glu65 and Lys134-Thr139 in molecule A and Lys53-Lys63 in molecule B are missing due to their poor electron density.
The overall structure of Apa2 resembles the GalT members of the HIT superfamily, which adopt an α/β fold ( Fig. 1a and b ). It can be divided into two domains: the core catalytic domain and the auxiliary domain. The core domain may be further dissected into two tandem HIT subdomains (HIT1 and HIT2). It folds into the central antiparallel open-faced β-pleated sheet formed by eight β-stands (β3-β10) that is cradled on both sides by six helical elements (α1-α4, η2, and η3). The conserved H 159 KHLQIM 165 motif is located at β7 of the HIT1 subdomain. The auxiliary domain a The values in parentheses refer to statistics in the highest bin.
, where I i (hkl) is the intensity of an observation and 〈I(hkl)〉 is the mean value for its unique reflection; summations are over all reflections. consists of a curved three-stranded β-sheet (β1, β2, and β11) with four helical elements (α5, α6, η1, and η4) packing around (Fig. 1a) . Structural comparisons of the apo-Apa2 against the Ap 4 A-and AMP-complexed forms yielded a rootmean-square deviation (RMSD) of 0.525 Å and 0.379 Å, respectively, revealing no significant conformational changes of the overall structures (Fig. 1c) . The loops of α2-β6, α3-β8, and α4-β9 located at the surface of Apa2 are relatively flexible and present diverse conformations. The overall B-factors of the three loops in apo-Apa2 are 71.6, 71.5, and 78.5, respectively, much higher than the average B-factor of 37.3 of the overall structure. Among the three loops, loop α2-β6 in Apa2-AMP and molecule A of apo-Apa2 and loop α4-β9 in Apa2-Ap 4 A and Apa2-AMP were not modeled due to the poor electron density.
Dali protein structural similarity search † revealed that Apa2 resembles the members in the GalT family, despite a sequence identity of less than 15%. The closest member is the ADP-glucose phosphorylase from Arabidopsis thaliana [termed Ath, Protein Data Bank (PDB) ID: 2H39, Z-score = 11.1, RMSD = 4.0 Å over 196 C α atoms]. Other members include Escherichia coli GalT (PDB ID: 1HXQ), E.
coli CDP-diacylglycerol pyrophosphatase (PDB ID: 2POF), followed by several more distinct homologs (Z-score = ≤ 5.8) in the Hint and Fhit family. Superposition of Apa2 onto GalT or other HIT members revealed that the central core of the β-sheet and the surrounding two α-helices (α2 and α4) are similar, whereas the auxiliary domain varies a lot ( Fig. 1d and e). The divergence of the auxiliary domain might contribute to the distinct substrate specificity among the HIT members.
Distinct from the previous dimeric or tetrameric HIT proteins of known structure, 19, 23, 25, 34 an individual Apa2 monomer possesses an intact active site. For example, dimerization of Ath 23 completes the assembly of active site by contributing residues in trans across the dimeric interface. In contrast, the auxiliary domain of Apa2 prevents the central β-sheet from forming dimeric interface but contributes to a side wall of the functional catalytic cleft.
Ap 4 A is perfectly complementary to the interdomain cleft
To elucidate the structural details of Ap 4 A-binding pattern, we co-crystallize Ap 4 A with the H161A (Fig. 2a) . The Ap 4 A-binding cleft, with a buried interface of about 650 Å 2 , is mainly formed by the central β-sheet (β4-β7) of the core domain, β11, helices η1, η4, and the connecting loops of the auxiliary domain (Fig. 2a) . The electrostatics potential surface revealed that this deep cleft is mainly positively charged surrounding the phosphate groups but a little bit hydrophobic around the two adenosine bases of Ap 4 A (Fig. 2b) . Notably, the missing residues (Lys53-Glu65) from three structures of Apa2 were probably located across the Ap 4 A-binding cleft, suggesting that these residues might be adjacent to the Ap 4 A entrance tunnel and thus are relatively flexible. The shape and charge property of the cleft enable the precise positioning of Ap 4 A in the active site. The AMP (the first adenine nucleotide and α-phosphate group) and ATP (the second adenine nucleotide, β-, γ-, and δ-phosphate groups) moieties of Ap 4 A are perpendicular to each other, leaving the α-phosphate group at the sharp turn against the catalytic residue of the middle His161 in the HIT motif (Fig. 2c) . Ap 4 A is mainly stabilized by van der Waals interactions and hydrogen bonds. The AMP moiety is aligned approximately perpendicular to the direction of the central β-strands (β4-β7). Its adenosine base is stabilized by hydrophobic interactions with residues Pro67, Phe68, Phe94, and Leu102. The hydroxyl groups of the ribose make two hydrogen bonds with Asn92 and α-phosphate group is further stabilized by three hydrogen bonds with Asn148, Ser155, and Ser156 (Fig. 2c) . In contrast, the ATP moiety is positioned almost parallel to the direction of the central β-strands. The adenosine base is fixed by hydrophobic interactions with Met284 and Leu286, and hydrogen-bonds with Thr179 and the backbone Met284. The ribose makes two hydrogen bonds with Asn92 and Gln163. The three phosphate groups form several hydrogen bonds with residues Lys53, Gly154, Ser156, Gln163, Asn277, and Lys288 (Fig. 2c) . In the Apa2-AMP structure, two AMP molecules bind to the corresponding sites of AMP and ATP moieties of Ap 4 A with a similar conformation (Fig. 2d) . The phosphate group of the first AMP molecule is hydrogen-bonded by His161 and Gln163. Activesite comparisons between apo-Apa2 and Apa2-Ap 4 A or Apa2-AMP complex revealed that all active-site residues could be well superimposed, suggesting that there is no induced fit of the active site upon the binding of Ap 4 A or AMP (Fig. 2d) . In contrast, active-site comparisons between Apa2-Ap 4 A and Ath (PDB ID: 2H39) or Rv2613c (PDB ID: 3ANO) showed large divergence of the active sites ( Fig. 2e  and f) . Despite the capability of AMP moieties and corresponding AMP-binding residues of both Apa2 and Ath to be superimposed, the ATP moiety of Apa2 and the counterpart glucose-6P of Ath differ a lot (Fig. 2e) . Notably, three residues, G321, F325, and E326, stabilizing glucose-6P are contributed by the symmetric subunit in Ath, whereas the corresponding residues, M284, L286, and K288, in Apa2 are from the auxiliary domain. Comparison of the active sites of Apa2-Ap 4 A and Rv2613c in complex with phosphate ion revealed that they adopt a similar active-site pocket for accommodating Ap 4 A, despite that residues N277, T279, M284, L286, and K288 in the auxiliary domain of Apa2 correspond to residues N165, I167, S173, V175, and P177, respectively, which are contributed by the symmetric dimer of tetrameric Rv2613c (Fig. 2f) . These results demonstrated that the members of the HIT superfamily share a conserved part for accommodating the mononucleotide moiety and differ from each other with the divergent part for recognizing diverse substrates.
Multiple-sequence alignment revealed that most Ap 4 A-binding residues are conserved, except for Phe68 of Apa2, which corresponds to Leu67 of Apa1. This suggests that Apa1 and Apa2 share a similar Ap 4 A-binding pattern and catalytic mechanism. To probe the structural determinant of a 10-fold higher activity of Apa2 compared to Apa1, the F68L and F68A mutants of Apa2 were subjected to enzymatic assays. The F68L mutant had a K m of 8.0 ± 1.1 μM and a k cat of 48.5 ± 1.8 s − 1 , resulting to an activity of 6.1 s − 1 μM − 1 , which is one-fourth to that of Apa2 or 3-fold to that of Apa1. In contrast, the F68A mutant had an activity of 0.3 s − 1 μM − 1 , which is only about 1/70 and 1/7 compared to that of the wild-type Apa2 and Apa1, respectively ( Table 2 ). The results suggested that a hydrophobic residue phenylalanine or leucine at position 68 of Apa2, which stacks the AMP moiety of Ap 4 A, is important for the activity.
A putative catalytic mechanism of Apa2 towards Ap 4 A
A previous report suggested that Apa1 and Apa2 could also degrade 5′,5″′-P 1 ,P 3 -tetraphosphate (Ap 3 A) and 5′,5″′-P 1 ,P 5 -tetraphosphate (Ap 5 A), in addition to Ap 4 A. 30 We thus tested the enzymatic activities of Apa1 and Apa2 towards Ap 3 A and Ap 5 A. 2 , which is in good agreement with the activesite cleft. In addition, in the Apa2-AMP complex, two AMP molecules occupy the position of the corresponding ATP and AMP moieties of Ap 4 A, leaving a distance of 8.0 Å between the two α-phosphate groups (Fig. 2d) . This distance could perfectly accommodate two additional phosphate groups. Thus, Ap 4 A is the most favorable substrate for both Apa1 and Apa2. Ap 5 A binds to the active site perhaps with its five phosphate groups in a tighter conformation, whereas Ap 3 A with only three phosphate groups could not fully occupy the pocket.
The reactions catalyzed by Apa2 and other GalT members are chemically similar, both catalyzing nucleotidyl transfer with nucleotide derivatives as donor substrates. Given the sequence and structure homology, the chemical and kinetic mechanisms might be analogous. As previously proposed, a twostep double-displacement mechanism for the HIT superfamily 25 involves the transfer of the AMP nucleotide to the active site of the enzyme through nucleophilic attack, forming a covalent enzyme-AMP intermediate, followed by AMP hydrolysis or transfer of AMP to the acceptors. The present structures combined with the previous report 23 enabled us to propose a similar catalytic mechanism of Apa2 (Fig. 3) .
The apo-Apa2 structure shows that the middle His161 in the modified HIT motif (H 159 KHLQIM 165 ) is stabilized by the carbonyl oxygen atom of His159, suggesting the proper activation of these residues as nucleophiles for an inline attack on the α-phosphate group of Ap 4 A as it enters the binding cleft. As His161 was mutated to Ala in the Apa2-Ap 4 A complex, we superimposed the apo-Apa2 onto Apa2-Ap 4 A complex and found that His161 is aligned in an optimal orientation to attack the α-phosphate group, at a distance of 2.9 Å counting from the N ε of His161. Moreover, one α-phosphate group is 3.0 Å from the N ε of His161 in the Apa2-AMP complex. Mutation of His161 to alanine almost completely abolished the activity towards Ap 4 A, suggesting the indispensable role of His161 for the catalysis (Table 2) . Our structural and biochemical The enzymes and all substrates were present at a concentration of 10 nM and 0.5 mM, respectively. The reaction time is 15 min. Fig. 3 . A scheme showing the catalytic mechanism of Apa2.
studies support a double-displacement mechanism, the first step of which involves nucleophilic attack of Ap 4 A by His161 to generate a covalent enzyme-AMP intermediate. In the second step, the third HIT residue Gln163 is suggested to activate the acceptor phosphate for general acid-base catalysis to release the intermediate AMP and produce ADP. In the Apa2-Ap 4 A structure, Gln163 contributes two hydrogen bonds with β-phosphate and the ribose of the ATP moiety (Fig. 2c) . In addition, Gln163 in the Apa2-AMP complex also makes a hydrogen bond with AMP phosphate oxygen (Fig. 2d) . These findings suggested that Gln163 is favorably positioned to activate the acceptor phosphate. Furthermore, Gln163 may also play a critical role for orienting Ap 4 A in a suitable conformation and further stabilizing the intermediate of the first step. The key difference between GalT transferases and Fhit/Hint hydrolases is that GalT has a modified HIT motif with a glutamine residue corresponding to the third histidine in Fhit/Hint. To see whether reverse of this modification is sufficient to restore the hydrolytic activity, we constructed a Q163H mutant and detected its activity. Compared to the wild-type Apa2, the Q163H mutant had transferase activity towards Ap 4 A in the presence of phosphate, with a comparable K m value of 3.2 ± 1.0 μM but a much lower k cat value of 12.6 ± 0.6 s − 1 (Table 2) . However, the Q163H mutant did not show any hydrolytic activity towards Ap 4 A without the addition of phosphate. A comparable K m value suggested that the substitution of glutamine with histidine did not alter the Ap 4 A binding affinity. Our results suggest that distant members in the HIT superfamily share a common catalytic mechanism.
Apa2 defines a unique branch of the GalT family
To date, the representative structures from two branches, GalT and ADP-glucose phosphorylase, of the GalT family are available. 23, 26, 35 However, there is no three-dimensional structure information from the Ap 4 A phosphorylase branch, which is only found in prokaryotes or unicellular eukaryotes, such as Arthrospira and S. cerevisiae. To address the evolutionary hints of the three branches in the GalT family, we performed a phylogenetic analysis with members from all branches to gain a more detailed insight (Fig. 4a) . The uridylyltransferase branch exists in all species whereas the other two branches exist almost exclusively in prokaryotes or unicellular eukaryotes. In addition, the uridylyltransferase and adenylytransferase branches are closely related, whereas the 60% sequence-identical Apa1 and Apa2 form a more discrete cluster (Fig. 4a) .
Multiple-sequence alignment of Apa2 branch revealed that Ap 4 A-binding residues as well as the HXHXQφφ motif are conserved (Fig. 4b) . It is suggested that these orthologs adopt a substratebinding pattern and catalytic mechanism similar to Apa2. Despite the shared HXHXQφφ motif, Apa2 shares a sequence identity of less than 20% with the members from the other two branches, which attribute the diverse substrate specificity to the GalT members. Among the three branches, the HXHXQφφ motif is strictly conserved. However, a number of conserved Ap 4 A-binding residues, such as Pro67, Phe68, Asn92, Asn148, Gly154, Ser156, and Asn277, distinguish Ap 4 A phosphorylases from members of the other two branches. Considering the highly conserved HIT motif and a similar overall structure, we propose that HIT members are evolved from a same ancestor. Afterwards, Apa2 and homologs, only found in prokaryotes or unicellular eukaryotes, evolved independently to form a discrete branch to handle the substrate Ap 4 A. Particularly in the yeast S. cerevisiae, gene duplication resulted in the coexistence of two 60% sequenceidentical paralogs, Apa1 and Apa2, which function in vivo as a robust cutter and a fine tuner, respectively, to maintain the homeostasis of intracellular Ap 4 A.
Materials and Methods
Cloning, expression, and purification of Apa2 and mutants Full-length apa2 was PCR amplified from the genome of S. cerevisiae ATCC 204508/S288c and cloned into a pET28a-derived vector, with an N-terminal hexahistidine tag. The recombinant plasmid was transformed into E. coli BL21 (DE3) cultured in 2 × YT medium (5 g of NaCl, 16 g of Bacto-Tryptone, and 10 g of yeast extract per liter). The expression of the proteins was induced with 0.2 mM IPTG when OD 600 reached 0.6. After being cultured for another 20 h at 16°C, cells were harvested and collected by centrifugation at 4000g for 15 min, and resuspended in 40 mL of lysis buffer (20 mM Hepes, pH 8.0, and 100 mM NaCl). After sonication for 2.5 min and centrifugation at 12,000g for 30 min, the target proteins in the supernatant were collected and loaded onto a Ni-NTA column (GE Healthcare) that was pre-equilibrated with the binding buffer (20 mM Hepes, pH 8.0, and 100 mM NaCl). The target proteins were eluted with 300 mM imidazole and further applied to a Superdex 75 column (GE Healthcare) equilibrated with the binding buffer. The target proteins were collected and concentrated to 18 mg/mL for crystallization. Protein purity was assessed by electrophoresis and the samples were stored at − 80°C for further use.
The SeMet-labeled Apa2 protein was expressed in E. coli strain B834 (DE3) (Novagen). The cells were cultured in SeMet medium (M9 medium with 25 mg/L SeMet and other essential amino acids at 50 mg/L) to an OD 600 of approximately 0.6. The following steps in protein expression and purification were the same as those for the native protein.
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to perform site-directed mutagenesis of Apa2. The expression, purification, and storage of the mutant proteins resembled that of the wild-type protein.
Crystallization, data collection, and processing Native and SeMet-substituted Apa2 were both concentrated to 18 mg/mL for crystallization. Crystals of apo-Apa2 were grown at 16°C by the sitting drop vapor diffusion method, with the initial condition of mixing 1 μL of protein solution with an equal volume of the reservoir solution (18% polyethylene glycol 2K and 0.1 M 4-morpholineethanesulfonic acid, pH 6.5). The Apa2-AMP complex crystals were grown in the same manner as apo-Apa2 by the The secondary structural elements of Apa2 were labeled on the top. The Ap 4 A-binding residues were labeled with black dots and the shared HXHXQφφ motif was marked with black triangles. Colors are chosen according to rules of ESPript (http://espript.ibcp.fr/ESPript/ESPript/): A blue frame represents a similarity across groups; a red character indicates similarity in a group; and a red box, white character demonstrates strict identity. All sequences were downloaded from the Swiss-Prot database (http://www.uniprot.org/uniprot/). The sequences are (Swiss-Prot accession numbers are in parentheses) E. coli GalT (P09148), human GalT (P07902), S. cerevisiae Gal7 (P08431), Thiobacillus denitrificans ApaT (Q9LA72), A. thaliana At5g18200 (Q9FK51), Thermotoga maritima TM0896 (Q9WZZ8), S. cerevisiae Apa2 (P22108), S. cerevisiae Apa1 (P16550), Vanderwaltozyma polyspora Kpol (A7TFD5), Kluyveromyces lactis Apa2 (P49348), Pichia stipitis Apa2 (A3LXQ2), Trichophyton rubrum bis(5′-nucleosyl)-tetraphosphatase (F2SIU7), Arthrospira Apa2 (K1WAN5), Thauera Apa2 (C4KBP8), and Perkinsus marinus ATP adenylyltransferase-like protein (Q31AV9).
addition of AMP and K 3 PO 4 to a final concentration of 100 mM and 10 mM, respectively. The Apa2-Ap 4 A complex proteins were obtained by mixing 18 mg/mL H161A mutant of Apa2 with Ap 4 A (Sigma) to a final concentration of 10 mM. Crystals were grown at 16°C using the hanging drop vapor diffusion method, with the initial condition of mixing 3 μL of protein solution with 1 μL of the reservoir solution (23% polyethylene glycol 2K, 0.1 M Tris-HCl, pH 8.0, and 20% glycerol). The crystals were transferred to cryoprotectant (reservoir solution supplemented with 30% glycerol) and flash-cooled with liquid nitrogen. All the data were collected at 100 K in a liquid nitrogen stream using beamline BL17U with a Q315r CCD (ADSC, MARresearch, Germany) at the Shanghai Synchrotron Radiation Facility. All the data were integrated and scaled with the program HKL2000. 36 Structure determination and refinement
The crystal structure of apo-Apa2 was determined using the single-wavelength anomalous diffraction phasing 37 method from a single SeMet-substituted protein crystal to a maximum resolution of 2.80 Å. The SHELXD program 38 implemented in IPCAS was used to locate the selenium atoms, and the phase was calculated by OASIS 39 and further improved with the programs RESOLVE and Buccaneer. [40] [41] [42] Electron density maps showed clear features of secondary structural elements. Automatic model building was carried out using Autobuild in PHENIX. 43 The initial model was refined in REFMAC5 44 and Phenix.refine and rebuilt interactively using the program Coot. 45 The model was used as the search model against the native data of 2.3 Å by molecular replacement using the Molrep program as part of the CCP4i 46 program suite. The complex structures of Apa2-Ap 4 A and Apa2-AMP were determined by molecular replacement using the apo-Apa2 as the search model. The final models were evaluated with the programs MolProbity 32 and PROCHECK. 33 Crystallographic parameters are listed in Table 1 . All structure figures were prepared with PyMOL. 47 
Enzymatic activity assays
Protein samples for enzymatic activity assays were collected without concentration and were stored at − 80°C with the addition of 50% glycerol. The enzyme kinetic parameters of native Apa2 and its mutants were measured using Ap 3 A, Ap 4 A, and Ap 5 A (Sigma) as the substrates. All the assays were performed at 37°C in the buffer containing 50 mM Tris-HCl, pH 7.5, 10 mM K 3 PO 4 , and 0.2 mM MnCl 2 . The pH and the addition of metal ion were optimized by preliminary experiment. The reactions were initiated by the addition of protein samples and terminated by heating at 100°C for 5 min. The phosphorolytic degradation of substrates was measured by HPLC (Agilent 1200 series). Apa2 and its mutants were incubated with the substrate ranging from 3 to 100 μM in a volume of 25 μL. An assay mixture without any protein added was used as a control. ATP and ADP standards were quantified by HPLC using a series of concentrations ranging from 0.005 to 0.1 mM. The column (Eclipse XDB-C18 column, 4.6 × 150 mm, Agilent) was equilibrated using the buffer 20 mM NH 4 H 2 PO 4 , pH 6.2. The samples were injected in a volume of 10 μL and were separated at a flow rate of 1 mL/min. The products were monitored with the absorption at 254 nm. The parameters K m and k cat were calculated by nonlinear fitting to the Michaelis-Menten equation using the program Origin 7.5. Three independent assays were performed to calculate the means and standard deviations for all K m and k cat values.
Accession numbers
The atomic coordinates and structure factors have been deposited into the PDB under the following accession codes: 4I5T (apo-Apa2), 4I5V (Apa2 in complex with Ap 4 A), and 4I5W (Apa2 in complex with AMP).
